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Abstract: It is well known that the mechanical properties of austenitic-ferritic duplex stainless steels are strongly affected 

when they are subjected to the service temperature around 250°C to 500°C. This is because of the attribution of the spinodal 

decomposition of Fe-Cr solid solution within the ferritic matrix. Hence the use of duplex steels is limited to service 

temperatures below 250°C However the microstructural changes associated with the thermal aging can be reverted to the 

annealed condition by short term reversion heat treatment. In this investigation the effect of heat treatment on the mechanical 

properties of the thermally embrittled duplex steels has been studied. The aged and re-aged samples showed a significant 

increase in the tensile strength with respect to the annealed condition because of the spinodal decomposition in the ferritic 

phase. The effect of reversion heat treatment time was also studied in this investigation. Embrittled samples which were then 

reversion heat treated for 550°C for 60 minutes showed maximum recovery of 92% in the mechanical properties. As reversion 

heat treatment time was increased the recovery induced was decreasing because of the formation of secondary austenite and R-

phase. Then 60minutes reversion heat treated samples were re-aged at 475°C for varying period’s in order to check the 

embrittlement rate and also to check the applicability and the effectiveness of the reversion heat treatment. The results showed 

that there was no much difference at the rate at which re-embrittlement occurs. 
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1. Introduction 

Duplex stainless steels (DSS) possess excellent combination 

of mechanical and corrosion resistant properties because of 

their unique microstructure which consists of equal proportion 

of austenite and ferrite which are extensively used in nuclear 

reactors for pressure boundary components such as primary 

coolant pipes, elbows, valves, pumps and safe ends [1, 2, 3]. 

However, DSS are susceptible to the service temperature 

around 280-500°C because of the spinodal decomposition in 

the ferrite phase where Cr atoms are segregated from Fe and 

Ni atoms and Cr-rich alpha prime (αˈ) precipitates are formed 

on austenite-ferrite boundaries. Also the mechanical properties 

are significantly affected by the thermal embrittlement which 

limits the industrial applicability of the DSS to the 

temperatures below 300°C [5, 6]. 

However, from the literature [7, 8] it is proved that αˈ 

precipitates can be dissolved by subjecting it to the 

temperature around 550-600°C, but there is a possibility of 

the formation of various intermetallic phases such as R-phase, 

chiral phase and secondary austenite when these DSS are 

exposed to this temperature range for longer durations which 

significantly degrades their mechanical properties. Hence in 

this investigation an attempt has been made to study the 

effect of reversion heat treatment temperature and time 

inorder to optimize the reversion heat treatment process and 

also reageing behavior of the reversion heat treated (RHT) 

DSS has been studied inorder to check the applicability and 

effectiveness of the reversion heat treatment. 
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2. Experimental Procedure 

The material used in this investigation was commercially 

pure hot rolled S2205 DSS with chemical composition of C-

0.02%, Si-0.535, Mn-1.45%, P-0.033%, S-0.02%, Cr-

21.92%, Mo-2.504%, Ni-4.75% & N-0.187%which was 

determined by optical emission spectrometer. The as-

received rods were machined to tensile with 30mm gauge 

length and 6mm gauge diameter in accordance with ASTM 

E8M standards. The samples were then subjected to 

solutionising heat treatment at 1070°C for 90 minutes and 

then water quenched. Then the solutionized samples were 

aged at 475°C for 700 hours and then water quenched. The 

embrittled samples were RHT-d at 550°C for 15, 30, 60, 90 

& 120 minutes followed by water quenching. The RHT 

samples were then again re-aged at 475°C for 25, 50, 75, 80, 

90 and 100 hours and then water quenched.  

Tensile properties for all heat treated conditions were 

evaluated using Schimadzu AG-X plus 100KN UTM and 

micro Vickers hardness values were measured by using a 

Schimadzu HMV-G 20ST micro-Vickers hardness tester and 

microstructural characterization was carried out using JEOL 

JSM-6380 LA scanning electron microscope and JEOL TEM 

2100 TEM operated at 200Kv. 

3. Results and Discussion 

3.1. Effect of Solutionising Heat Treatment 

 

Figure 1. The Pseudo binary diagram of 70wt% Fe-Cr-Ni. 

In our investigation it was important to calculate the 

appropriate solution heat treatment temperature and time 

because the ferrite content increases with increasing 

solutionising temperature and time. From the literature [10] it 

is well known that as the ferrite content increases the extent of 

degradation of the material also increases, hence in order to get 

required amounts of austenite and ferrite ratio the selection of 

solution heat treatment temperature and time was very 

important. The pseudo binary diagram of 70 wt.% Fe-Cr-Ni as 

shown in Figure 1 was used as the reference to evaluate the 

microstructural evolution and composition distribution in 

stainless steels during solution heat treatment [3]. 

The temperature To as shown in the Figure 1 for our 

material was calculated by using Cr and Ni equivalent 

relations which is given below, 

Cr�equivalent � %Cr � %Mo � 0.7 � %Nb 

Ni�equivalent � %Ni � 35 �%C � 20 �%N � 0.25 �%Cu 

By substituting the chemical composition (%wt) of the 

elements, the Cr (equivalent) value was found to be 24.414 and 

Ni (equivalent) value was 9.193. Using these values, the To value 

was obtained from the pseudo binary diagram of 70wt% Fe-

Cr-Ni (To= 1070°C).  

If the solution treatment temperature (To) is increasing the 

volume fraction of the ferrite phase will also increase with 

larger ferrite grain size and there will be no change in the 

chemical composition of austenite phase even though the 

volume fraction is decreased. Within the ferrite phase the Cr 

content will be decreased and the Ni content will be 

increased which in turn will increase the probability for the 

formation of secondary austenitic phase in the dual phase 

matrix. Extending the solution treatment time, the ferrite 

phase will gradually dissolve into the austenite phase and the 

undissolved ferrite will become finer and disconnected [10]. 

Hence solution treatment time of 60 minutes was selected in 

our investigation. 

The solutionized sample was quantitatively analyzed by an 

X-ray diffractometer to determine the volume fractions of 

ferrite and austenite. Figure 2 shows the X-ray diffraction 

pattern obtained from the sample. It shows the (111) peak of 

austenite and the (110) peak of ferrite. The integrated 

intensities of these peaks were calculated and substituted in 

equation 3.1 along with the other constants. The volume 

fraction of ferrite was found to be 54% and that of austenite, 

46%. The relative volume fraction was found to be the same 

under each heat treated condition. 

Figure 3 shows the SEM micrograph of the as-received 

S2205 DSS in the wrought form in which austenitic islands 

are embedded in the ferritic matrix with some undissolved 

precipitates. Hence, in order to dissolve these harmful 

precipitates samples were subjected to solution heat 

treatment by heating it to 1110°C for 60 minutes. The 

solution heat treatment was also done to adjust the austenite 

and ferrite phase proportions which can be seen in the Figure 

4. If any macro segregations are present in the sample the 

solution heat treatment will help to eliminate them.  

The yield strength of 458 MPa and the ultimate tensile 

strength of 729 MPa with 42% ductility was obtained in the 

solution heat treated condition. It had the impact strength of 270 

J. The fractured surface of solution heat treated tensile sample 

observed under SEM and is as shown in the Figure 5. The 

fractured surface morphology was fully ductile with dimples and 
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no inclusions were found throughout the fracture surface.  

 

Figure 2. X-Ray diffraction pattern of S2205 DSS in solution heat treated condition. 

 

Figure 3. Microstructure of as received S2205 duplex stainless steel sample (Etchant: Beraha’s tint etch). 
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Figure 4. Microstructure of S2205 after solution heat treatment (a) OM image of distribution of austenite grains in the ferrite matrix (Magnification:100X). (b) 

OM image of phase morphology (Magnification: 500X). (c) SEM image of distribution of austenite grains in the ferrite matrix (Magnification:500X). (d) SEM 

image of phase morphology (Magnification:1500X). Etchant: Beraha’s tint etch. 

Table 1. Mechanical properties of all heat treatments conducted. 

Heat Treatment %RE σys(MPa) %RE σuts(MPa) %RE Ductility (%) %RE Impact value (J) 

Solutionized - 458 - 729 - 42 - 270 

Aged-700hrs - 961 - 1261 - 18 - 6 

RHT-15min 20 730 46 935 61.3 31 45.8 140 

RHT-30min 28.9 609 70 842 78.8 38 75 190 

RHT-60min 94.3 528 86 780 90.4 39 80 250 

RHT-90min 36.6 610 69.7 785 89.4 34 96 200 

RHT-120min 26.8 632 65.4 854 76.5 34 96 190 

Reaged-25hrs - 502 - 802 - 25 - 90 

Reaged-50hrs - 548 - 825 - 24 - 80 

Reaged-75hrs - 609 - 892 - 24 - 78 

Reaged-80hrs - 861 - 1032 - 19 - 10 

Reaged-90hrs - 982 - 1125 - 19 - 6 

Reaged-100hrs - 993 - 1208 - 18 - 6 

 

3.2. Effect of Thermal Aging 

The embrittlement rate is highest at 475°C hence it is 

commonly known as 475°C embrittlement [5]. In our 

investigation the annealed samples were aged at 475°C for 

varying periods and their mechanical properties were 

correlated with the corresponding microstructural changes. 

The impact strength was 6J and ultimate tensile strength of 

1000 hours aged sample was 1261 MPa with 18% ductility. 

This drastic increase in tensile strength and decrease in 

ductility was due to the embrittlement associated with the 

formation of α and αʹ precipitates in the ferrite phase at this 

temperature as seen in the Figure 5 (HR-TEM image of 1000 

hours aged sample) which depicts the mottled contrast in the 

ferrite matrix at nano-scale. This indicates the presence of 

Fe-rich α and Cr-rich αˈ precipitates formed by the spinodal 

decomposition [5]. It was difficult to distinguish between α 
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and αˈ precipitate from HR-TEM results even at higher 

magnifications because both α and αˈ precipitate had similar 

lattice parameter as that of Fe [9]. Also in this investigation it 

was found that the αˈ precipitate is associated with the co-

precipitation of Cr2N precipitates in the ferrite matrix.  

 

Figure 5. HR-TEM image of 1000 hours aged sample showing mottled 

contrast ferrite region and precipitate free austenitic phase. 

3.3. Effect of Reversion Heat Treatment 

On subjecting the embrittled specimens to reversion heat 

treatment at 550°C, it was observed that the strength dropped 

while the ductility increased, owing to the dissolution of α 

and αʹ precipitates into the ferrite matrix as seen in the figure 

6. The mechanical properties obtained for Reversion heat 

treated samples are depicted in the Table 1. After 30 and 45 

minutes of reversion treatment, the decrease in strength was 

marginal, whereas, the increase in ductility was significant. 

The material exhibited a further drop in strength and increase 

in ductility for 60 minutes of reversion, after which, both the 

strength and ductility remained more or less constant. The 

reversion treatment, however, was unable to completely 

restore the properties of the material back to those 

corresponding to the un-aged or solution annealed condition. 

The yield strength was more sensitive to reversion heat 

treatment, varying much more than the tensile strength with 

respect to duration of reversion heat treatments. It is because 

of the further embrittlement that occurred simultaneously 

with the dissolution of α and αʹ precipitates, during reversion 

heat treatment and, as a result, the mechanical properties 

were not fully recovered. The temperature range of the 

reversion heat treatment is favorable for the formation of a 

Mo-rich precipitate called R-phase, which is known to be an 

embrittling phase [11], and in fact, previous investigators 

[12], had found unidentified Mo-rich precipitates in super-

duplex stainless steels reversion treated for 30 minutes at the 

same temperature as in the current investigation. Another 

possible reason for this behavior could be residual 

inhomogeneties in the ferrite grains as a result of the Cr and 

Mo atoms that were part of the precipitates might have been 

redistributed. This in turn may have resulted in the formation 

of dislocation substructures in the ferrite grains during 

deformation. From the results it was also very clear that after 

75 minutes reversion treatment the strength was again 

increasing and the ductility was decreasing because of the 

embrittlement caused by the R-phase and secondary austenite 

which were quantitatively seen in SEM and TEM micrograph 

for 120 minutes reversion heat treated sample. The measured 

values of ultimate tensile strength and % elongation for re-

aged conditions are given in Table 1.  

 

Figure 6. HR-TEM image of 60 minutes reversion heat treated sample 

showing clear austenite phase and ferrite phase with R-Phase. 

4. Conclusion 

In summary, the mechanical properties of the thermally aged 

S2205 Duplex steels were restored to nearly its initial level by 

a reversion treatment. After long-term aging at 400°C upto 

1,000 hours, the ferrite phase underwent spinodal 

decomposition and Cr2N precipitation. After further annealing 

at 550°C for 60 minutes, the spinodal decomposition 

precipitates dissolved into ferrite, but the R-phases remained 

unchanged. Hardening in ferrite is mostly related to the 

spinodal decomposition, and the R-phase precipitation has a 

negligible effect. The reversion heat treatment process has 

enhanced the impact energy of the thermally aged material to 

the level of the unaged material. The elimination of spinodal 

decomposition precipitates during annealing is believed to lead 

to the recovery of mechanical properties of ferrite. It indicates 

that proper Reversion heat treatment is a prospective and 

economic approach to extending the service life of long-term 

working DSS components. 
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